The nucleotide sequences of the nucleoprotein (N) genes of seven tospovirus isolates representing three serogroups were determined and used to establish phylogenetic parameters to delineate species within the Tospovirus genus of the Bunyaviridae. A high sequence divergence (55" 
Introduction
Virus isolates described as tomato spotted wilt virus (TSWV) cause serious diseases world-wide in many crops and infect a considerable number of different plant species . Whereas in the past TSWV infections were mainly found in (sub)tropical regions, devastating outbreaks have also occurred in nonsolanaceous crops in the northern hemisphere in the last decade. This expansion has been caused by the spread of the thrips Frankliniella occidentalis (Perg.), an efficient vector of TSWV, over the U.S.A. and Canada, and its subsequent invasion in Europe (Cho, 1986; Marchoux, 1990; Vaira et al., 1992) .
Virus particles of TSWV isolates are spherical (70 to 110 nm in diameter) with a lipid membrane covered with surface projections formed by glycoproteins. The viral genome consists of three linear ssRNA segments, denoted L, M and S, complexed with nucleocapsid protein (N) and presumably with a viral transcriptase. The complete nucleotide sequences have become available for the genome of a Brazilian isolate (BR-01). The L RNA (8"9 kb) is of negative polarity and encodes a putative RNA polymerase of 331K . The two other genomic RNAs use ambisense coding strategies. The M RNA (4.8 kb) codes for a precursor to the two envelope proteins G1 (78K) and G2 (58K) and a t Present address: Centro Nacional de Pesquisa de Hortali~as, EMBRAPA, Caixa Postal 0218, Brasflia, D.F., Brazil, CEP: 70.359. non-structural protein denoted NSm (Kormelink et al., 1992a, b) . The S RNA (2.9 kb) encodes the N protein (28.8K) and another non-structural protein (NSs, 52-4K) (de Haan et al., 1990; Kormelink et al., 1991) .
Based on the detailed knowledge of the BR-01 isolate, TSWV has been classified as the sole member of the newly created genus Tospovirus within the family Bunyaviridae (Francki et aI., 1991) . In view of the worldwide distribution of tospovirus isolates able to infect a high number of plant species (more than 500 have been reported), one may question whether these virus isolates show enough variation to consider them as belonging to more than one single virus species. De Avila et al. (1990 Avila et al. ( , 1992a showed that a selection of 21 isolates originating from different geographical areas and crops can be divided into three distinct serogroups by using polyclonal antibodies directed against their N protein. Most isolates studied belong to serogroup I, including type isolate BR-01. The serogroup I isolates reacted only weakly with antibodies to serogroup II viruses, and not at all with antibodies raised against serogroup III viruses. This serogroup consists of ahnost completely identical isolates from Impatiens plants in the U.S.A. (TSWV-I; Law & Moyer, 1990 and in The Netherlands (NL-07; de ,/~vila et al., 1992a; de Haan et al., 1992) , differing entirely from the serogroup I and II viruses serologically (Law & Moyer, 1990; Law et al., 1991; de Avila et al., 1992a, b) . Therefore, serogroup III isolates may be considered as belonging to a different species, denoted Impatiens necrotic spot virus (INSV), whereas serogroup I may represent a species for which the name TSWV should be reserved. Furthermore, subgroup II splits into two distinct serotypes (de ./~vila et al., 1990) , each of which possibly represents additional species. Other distinct TSWV-like isolates have been found in groundnut (Chanekar et al., t979; Reddy et al., 1991 Reddy et al., , 1992 and one in watermelon (Kameya-Iwaki et al., 1988) , but their relationships to serogroups I, II and III have not yet been fully characterized.
To establish criteria for defining the various tospoviruses as species, the nucleotide sequences of the N genes and the amino acid composition of their products of seven isolates, preliminarily classified into three serogroups, were determined and compared.
Methods
Virus isolates. Isolate BR-03 was collected from tomato in Brazil and SA-05 was kindly supplied to Dr G. Adam (Braunschweig, Germany) by G. Pietersen after isolation from groundnut in South Africa. Both isolates, classified as serogroup II members (de Avila et al., 1990 (de Avila et al., , 1992b were multiplied in Nicotiana rustica L. vat. America. RNA was extracted from purified nucleocapsids as described previously (de Avila et al., 1990; de Haan et al., 1991) .
DNA clones and nucleotide sequence analysis, cDNA was synthesized according to Gubler & Hoffman (1983) . The RNA was primed by a synthetic oligonucleotide (5' CCCGGATCCTGCAGAGCAATTG-TGTCA 3'), containing a BamHI site (underlined), complementary to the first 15 nucleotides at the 3' end of S RNA which is conserved between isolates BR-01 and NL-07 (serogroup III; de Haan et al., 1992) . ds cDNA was made blunt-ended with T4 DNA polymerase and subsequently digested with BamHI, resulting in BamHI/blunt-end cDNA fragments. These fragments were cloned in pUC19 plasmid vectors which had been digested with BamHI and SmaI (YanischPerron et al., 1985) . The specificity of clones was confirmed by Northern blot hybridization (data not shown). Clones covering the N gene of BR-03 and SA-05 were selected and their nucleotide sequences determined with alkaline-denatured plasmid DNA as templates, using either the standard M13 forward and reverse sequencing primers (Zhang et al., 1988) or synthetic oligonucleotides complementary to previously determined sequences. Sequence alignments were performed using the GCG Wisconsin software package (Devereux et al., 1984) .
Results

Molecular cloning and sequence analysis of the N genes of isolates BR-03 and SA-05
The sequence of the N gene of various serogroup I and III isolates has been reported previously (de Haan et al., 1990 Maiss et al., 1991 ; Law & Moyer, 1991) . To obtain sequence information of two distinct serogroup II isolates (BR-03 from Brazil and SA-05 from South Africa) their N genes were cloned. Using a specific primer complementary to the 3' termini of the genomic S RNA of BR-01 or NL-07, several cDNA clones of BR-03 and SA-05 isolates, approximately 1 kb long and containing the complete coding regions of the respective N proteins were obtained. Sequence determination of these clones revealed that for both isolates the N gene ranged from nucleotides 153 to 942 (numbered from the 5' end of the virus-complementary strand) (Fig. 1) , corresponding to an N protein of 258 amino acid residues with an M r of 28 677 (BR-03) or 28 836 (SA-05). Both these figures and the homology of the predicted gene products to the N protein of isolate of BR-01 (see below) confirm that these cloned sequences represented the N genes of the respective isolates. An alignment of the N gene sequences of serogroup II isolates BR-03 and SA-05 with those of serogroup III isolates BR-01 and NL-07 is presented in Fig. 1 .
Divergence among S RNA sequences of different tospovirus isolates
The determined nucleotide sequences of the S RNA of BR-03 and SA-05 were compared with those of BR-01 (TSWV) and NL-07 (INSV). The alignment shown in Fig. 1 reveals that only the first 15 nucleotides at the 3' termini are fully conserved, the remaining part of the 3' non-coding sequence showing a remarkably lower degree of similarity. In this region (until the start of the N gene) the serogroup II isolates show 65'8 (BR-03) to 70.9% identity (SA-05) with serogroup I and only 46 to 47 % with serogroup III. The similarity in the 3' non-translated region of the S RNA of serogroup I and III isolates was estimated to be 50.7 % . In contrast, the sequence of this region is highly conserved (99 %) among isolates within serogroups I or III, but is less conserved between the two serogroup II isolates (88.1%, Fig. 1 and Table 1 ).
The same conclusions that were derived from the noncoding region can be drawn from the translated region within the various determined S RNA sequences, i.e. the N genes show similar levels of divergence and conservation between and within serogroups, respectively ( Fig. 1 , Table 1 ).
Divergence among N protein sequences of different tospovirus isolates
Since the serogrouping of tospoviruses (de Avila et al., 1990 (de Avila et al., , 1992a has been based on analyses using polyand monoclonal antibodies directed to the N protein, it is worthwhile to determine whether this grouping agrees with the rates of divergence in the N protein sequences. Moreover, this sequence divergence could be used as a molecular parameter, and thus a true phylogenetic criterion for the classification of tospoviruses into species and strains. To this end an alignment was made of the newly determined serogroup II N protein sequences with those of previously published sequence data from serogroup I isolates BR-01, HAW (from Hawaii), L3 from Bulgaria (de Haan et al., 1990; Maiss et al., 1991 ;  T. L. German, personal communication) and NL-07 Law et al., 1991) . The alignment is shown in Fig. 2 et al., 1990, 1992b) . Finally, examination of the alignment of the N protein sequences (Fig. 2) of the three serogroups reveals that four main domains in the N proteins are highly conserved particularly between residues 51 and 204. Analysis of the N proteins showed two hydrophilic domains located between residues 30 and 40, and 160 and 190. A highly conserved hydrophobic domain was also identified between residues 125 and 160. It is noteworthy that the positions of the methionine residues in the N proteins of all isolates studied are conserved and that mainly alpha helix-forming amino acids are present.
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Discussion
Traditionally, the classification of Bunyaviridae has been based mainly on serology, which resulted in a categorization of these viruses into serogroups and serotypes (Elliott, 1990) . Following this classification, and using the antigenic properties of the N protein, three serogroups (I to III) have thus far been recognized within Tospovirus, a genus of the Bunyaviridae (Francki et al., 1991) . Since the International Committee on Taxonomy of Viruses has recently introduced the species concept in virus taxonomy, it is important to define criteria to delineate species and to avoid the use of less discriminative concepts such as serogroups and -types. In this paper the nucleotide sequences of the N protein genes of two serogroup II isolates, BR-03 and SA-05, have been determined and compared with those of serogroup I and III isolates to establish discriminative and phylogenetic criteria to define Tospovirus species. The crucial role played by this protein in processes such as regulating the switch from transcription to replication, functioning in the replication complex and encapsidating genomic and anti-genomic RNA (Beaton & Krug, 1984 , 1986 supports its selection for defining taxonomic criteria for tospoviruses.
The phenotypic and molecular characteristics of the serogroup I and III isolates are basically very different (1990) ( Table 1 ; Law & Moyer, 1990; Law et al., 1991 ; de Haan et al., 1992; de P~vila et al., 1992a) and their N protein sequences have diverged to such an extent (55-4% identical) that these two groups can certainly be defined as two different species. Serogroup I contains the original TSWV isolates, including the type isolate BR-01 (de ,/tvila et al., 1990) , and hence we propose that the name TSWV be employed for isolates of serogroup I ( Table 2 ). The isolates of serogroup III represent a second species, recently proposed as INSV (Law & Moyer, 1990; Law et al., 1991 Law et al., , 1992 de Avila et al., 1992a; de Haan et al., 1992) . With respect to serogroup II isolates it was evident from serological studies that they differ notifiably from TSWV and INSV (de ,g, vila et al., 1992b) . Their taxonomic status could not unequivocally be clarified owing to overlapping phenotypic characteristics such as host range, symptom expression and cytopathology. Serology using monoclonal antibodies against the N protein showed that these isolates could be divided into two serotypes. Analysis of the nucleotide sequences of the N gene, the amino acid sequence of the N protein and the nucleotide sequences of the untranslated 3' end regions of the S segment showed that these sequences are 82.1, 81.0 and 88-1% identical, respectively, between BR-03 (serotype I) and SA-05 (serotype II) ( Table 1) . Although the rate of divergence between these two isolates is less than that between TSWV and INSV isolates, we propose that they should be considered to be two distinct species. This proposal is supported by the observation that the N genes within the TSWV and INSV species, with isolates originating either from Brazil, Hawaii and Bulgaria, or from the U.S.A. and The Netherlands, have almost 100% identical nucleotide sequences. The two novel species may be named tomato chlorotic spot virus (TCSV) and groundnut ringspot virus (GRSV) for the serotype I (BR-03) and II (SA-05) viruses (Table 2) . The relationship between these Tospovirus species, based on nucleotide and amino acid sequence homology, is represented diagrammatically in Fig. 3 . Other tospoviruses, not yet fully characterized, are currently reported as possible new species (KameyaIwaki et al., 1988; Chanekar et al., 1979; Reddy et al., 1991 Reddy et al., , 1992 ) but clarification of their taxonomic position awaits further studies.
It is noteworthy that the similarity in N proteins among the three serogroups (now species) of the Tospovirus genus is higher than among serogroups of the Bunyavirus and Phlebovirus genera. The N proteins of six viruses representing three serogroups in the genus Bunyavirus show an overall sequence similarity of 40 %, whereas ~> 80 % similarity is observed within a serogroup (Elliott, 1990) . The Phlebovirus genus N proteins show a degree of similarity which varies from 54 to 30 % among serogroups and a higher relatedness within single serogroups (Simons et al., 1990; Giordi et al., 1991) . However, the amino acid sequence identity of the Hantavirus genus N proteins varies from 61 to 83% (Arikawa et al., 1990; Stohwasser et al., 1990) . These values resemble those now found for the Tospovirus genus. The similar degrees of relatedness found in both genera might be explained by stronger constraints on the evolution of the N protein genes. The limited number of vectors used by tospoviruses (Sakimura, 1962) and the non-biological transmission of the hantaviruses between rodents and humans (Gonzales-Scarano & Nathanson, 1990) may be two of these constraints. The viruses of the other two genera, Bunyavirus and Phlebovirus, displaying higher divergence in the N protein, are transmitted by vector species belonging to different families or orders such as mosquitoes, Culicoides, phlebotomines and ticks (Gonzales-Scarano & Nathanson, 1990; Peters, I991) .
The Bunyaviridae are classified into five genera based on their mode of transmission, genome coding strategy and composition of the 3'-and Y-terminal sequences (Francki et al., 1991) . The viruses within the four genera consisting of viruses infecting animals are basically classified into antigenic groups using haemagglutinin and neutralizing antigenic determinants present on virus glycoproteins and complement fixation associated with the N protein (Gonzales-Scarano & Nathanson, 1990) . These serological and molecular characteristics of some viruses support the existence of several virus species within each genus of this family (Gonzales-Scarano & Nathanson, 1990; Elliott, 1990) . However, the formulation of parameters or criteria by which species could be distinguished taxonomically within these genera, as now proposed for tospoviruses is awaited.
